The diploid hybrid ryegrass, Lolium temulentum x L. perenne (2n = 14), contains two sets of chromosomes which are structurally and genetically dissimilar. Whole-mount surface spreading of synaptonemal complexes from 35 pollen mother cell nuclei shows that chromosome pairing during meiotic prophase is highly irregular, with homoeologues and heterologues pairing together to form multivalents. These are eliminated, however, during meiotic prophase in favour of homoeologous bivalents. In addition, the length differential between homoeologous chromosomes is accommodated in a coordinated fashion and is absorbed into the structure of the synaptonemal complexes. The hybrid thus displays a remarkable capacity to eliminate synaptonemal complex irregularities and to produce homoeologous bivalents, which are functionally and morphologically almost indistinguishable from their homologous counterparts in the parents.
INTRODUCTION

MATERIALS AND METHODS
The two haploid sets of chromosomes in the diploid hybrid ryegrass Lolium temulentum x L. perenne (2n = 14) are both structurally and genetically dissimilar (Hutchinson et a!., 1979) .
Homoeologues regularly form bivalents at first metaphase of meiosis however, with chiasma frequencies similar to the parents (Rees and Jones, 1967) . Three-dimensional reconstruction of synaptonemal complexes (SCs) from serial electron micrographs has already shown that this is achieved not by the exclusive pairing of homoeologues during zygotene, but rather by the elimination of multivalents involving non-homologous chromosomes (Jenkins, 1985a) . Furthermore, the SCs were seen to have a remarkable capacity to absorb considerable length differences between lateral components of homoeologues without adversely affecting their integrity and effectiveness. The timing and coordination of these two processes could not be ascertained from the reconstruction study, since it was impracticable to analyse the relatively large number of cells required. In this study the technique of wholemount surface spreading of SCs was employed, which permitted analysis of a sufficient number of cells to specifically monitor the progress and kinetics of the elimination of synaptic irregularities.
The material used in this study was the progeny of a test-cross between Lolium temulentum Ba3081 (Welsh Plant Breeding Station) and the second backcross generation of Lolium perenne Ba9436 (Welsh Plant Breeding Station) x LPI9 (Taylor and Evans, 1977) . The material was an integral part of a plant breeding project designed to transfer diploidising genes from Lp19 to agronomically more important Ba9436, with the ultimate objective of creating a chromosomally stable allotetraploid hybrid cultivar between L. perenne and L. multiforum (Scanlon, 1988) .
The flants were grown in 5 inch pots in an unheated greenhouse and meiotic infiorescences were sampled during April to June. Those destined for light microscopy were fixed in Carnoy's fixative. Mean bivalent, multivalent, and chiasma frequencies were scored from at least 20 pollen mother cells per plant using conventional acetocarmine squash methods.
The areas of chromosomes at first metaphase were measured from prints at 6000 x magnification using a Bausch and Lomb Hipad digitiser connected to a BBC model B microcomputer. Whole-mount surface spreads of SCs for electron microscopy were prepared according to the method detailed in White and Jenkins (1987) , with the following modifications: (1) Macerated anther material was left in digestion medium for 6 mm. (2) The detergent solution was added to the cell suspension on the depression slide.
(3) After a spreading time of 10 mm the suspension was washed down onto a plasticcoated slide using the fixative (6-7 drops).
First metaphase
All 45 plants scored in the test-cross progeny were diploid (2n = 2x = 14), and had an overall mean chiasma frequency of 10.0 per cell, with a range of 77 to 128. The reduction and variation in chiasma frequencies, compared with the hybrid used in the previous study (Jenkins, 1985a) , are attributable to the action and segregation of diploidising genes from Lp19. These suppress chiasmate association of homoeologues at this stage (Taylor and Evans, 1977) . The chromosomes form distinctly heteromorphic bivalents ( fig. 1 ), as homoeologues from the two parental sets of chromosomes differ in size by on average 50 per cent (Hutchinson et al., 1979) .
In a randomly scored sample of 960 pollen mother cells at metaphase I, 29 (or 3 per cent of cells contained either one trivalent or one quadrivalent. These multivalents must inevitably involve non-homologous chromosomes, joined apparently by authentic chiasmata ( fig. 1) . It is not possible to state categorically whether these configurations are the result of heterozygosity for a simple translocation, or of chiasma formation between non-homologous segments of chromosomes, as the identity of the chromosomes cannot be determined from morphological criteria alone.
However, if the former were true it would be expected that the same chromosomes would form multivalents in different cells. In order to test this, 11 pollen mother cells at metaphase I were selected, in which the sites of all chiasmata could be seen and the area of each individual chromosome of the complement could be estimated. (a) Loops. The difference in size between homoeologues within bivalents is manifested at zygotene and pachytene by the formation of lateral component loops. These fold back upon themselves to form SCs which project perpendicularly from the main SC of the bivalent ( fig. 3 ). In fact, they appear identical to those previously reported in a serial section reconstruction study of similar material (Jenkins, 1985 a). They also comply with previous reports in that they are of variable numbers in cells of probably the same stage, and occupy interstitial regions of bivalents.
II I
The analysis of a relatively large number of spread cells compared with the reconstruction study (Jenkins, 1985a) The multiple associations are held together by substantial lengths of non-homologous Sc, which occurs in both telomeric and interstitial segments of the chromosomes. It must, however, be largely ineffective in terms of crossing-over, since the vast majority of multivalents are eliminated in favour of bivalent formation before metaphase I. The number of bivalents in a cell is inversely proportional to the number of chromosomes involved in multivalents, and has been used in fig. 6 as a convenient means of correlating this parameter with percentage pairing for 30 of the 35 cells in which the number of bivalents could be accurately determined. The regression is highly significant (P<001; percentages transformed to angles). is presented during meiotic prophase with problems that would not be encountered by either of the parents. Firstly, hybridity appears to disrupt the control mechanism which prevents the synapsis of nonhomologous chromosomes during zygotene. Secondly, chromosomes of both genetic and structural dissimilarity need to be paired intimately and accurately in order to optimise chiasma frequencies and to ensure regular segregation of chromosomes.The results above show that this hybrid has a remarkable capacity for overcoming these difficulties by eliminating SC irregularities during meiotic prophase. The result, in most cases, is the efficient production of seven homoeologous bivalents per cell, each competent to form at least one chiasma. The question remains as to how and when the elimination of these irregularities actually takes place.
In the absence of a means of independently substaging zygotene and pachytene, the relationships depicted in figs 4, 5 and 6 can be interpreted in one of two equally likely ways.
Kinetics
The first assumes that percentage pairing represents substage of zygotene and is, therefore, a gauge of time. If this were the case, fig. 4 would show that there is a significant linear increase in tion during pachytene in male mice transforms duplications and inversion loops into straight SCs (Moses and Poorman, 1981; Moses et a!., 1982) . Fig. 5 could also be interpreted in such a way that at zero per cent pairing there would be a difference in length of 72 per cent between homoeologous lateral components. This, however, presupposes that the relationship depicted in fig.  5 is linear also at low percentage pairing values, and that the average difference in DNA amounts of 50 per cent between homoeologues underestimates lateral component length differences. If, as would seem more likely, the initial length difference is about 50 per cent, the regression line in fig. 5 may actually plateau at that value, correlating with a pairing value of 33 per cent. In other words, it may be that when the. chromosomes are about one third paired the accommodation mechanism is initiated. The delay in accommodation would be consistent with the observation that synapsis is initiated preferentially at the telomeres, at which sites there appears to be little length differential requiring adjustment (Jenkins, 1985 a) .
The relatively high degree of homology at the telomeres may explain the lack of disruption of chiasmata, which form distally. Fig. 6 could show that there is a linear increase in the number of bivalents as zygotene proceeds. It could, of course, be argued that this is entirely due to asynchronous pairing of univalents and accumulation of bivalents throughout zygotene. However, the data in table 2 show that even at early zygotene stages the majority of chromosomes are not as univalents but are involved in multivalents. A more satisfactory explanation is that the majority of bivalents are generated by the progressive transformation of multivalents and a second round of SC formation. According to this explanation a very low number of multivalents escapes the elimination process and survives to metaphase I.
If percentage pairing represents progress through zygotene, the data show that SC irregularities are subjected to a systematic and coordinated elimination process throughout zygotene. The mechanics of this process are summarised in diagrammatic form in fig. 7 . The figure shows a quadrivalent at early zygotene comprising two homoeologous pairs of chromosomes, 1-1' and 2-2'. In this case, the chromosomes are paired only at the telomeres, but have the potential to pair interstitially. Inherent instability of multivalents (Jenkins eta!., 1988) and the progressive formation showing a pronounced length differential and a potential to form a fold-back were not included in the totals for each cell. Percentage pairing was calculated as the total length of lateral components involved in SC formation divided by the total length of lateral components of the cell, and multipied by 100. The regression is highly significant (P< 0.01).
of SCs from homoeologously paired telomeres only, may initiate and drive the elimination process. Telomeres released from nonhomoogous association would be involved in a second round of homoeologous SC formation before interstitial synapsis is complete. If this were not so terminal overlaps would almost certainly be observed (Jenkins, 1985a) . Accommodation would be expected to proceed as legitimate SCs are formed. Loop position would be dependent on the sites of initiation and progress of SC formation (Jenkins, 1988 of meiotic stage. Failure to complete pairing is a likely alternative given the hybrid nature of the plant material and the fact that diploidising genes segregating in this population have been shown to have an inhibitory effect on SC formation at late pachytene in other diploid Lolium hybrids and their amphidiploids (Jenkins and Scanlon, 1987; Jenkins, 1986) . A similar effect was also noted in wheat, when the dosage of analogous genes at the Ph locus was altered (Hoim and Wang, 1988) . If this interpretation were correct, the relationship depicted in fig. 6 would indicate that multivalents either cause or result in a reduction in the extent of pairing. The high chiasma frequencies and lack of multivalents at metaphase I could be explained in this case by crossing over and chiasma formation only in regions which are strictly homoeologously paired. Multivalents would be eliminated not during zygotene as in (1) above, but upon entry into diplotene (Jenkins, 1988) . It must be stressed that the two interpretations of the data are not necessarily mutually exclusive and both could generate the same chiasmate associations at metaphase I. Indeed, the actual mechanism of bivalent formation by/elimination of multivalents may lie somewhere in between. 
